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Abstract: 32 
The intercalation of an anionic surfactant, sodium dodecylsulfate (SDS), into 33 
hydrocalumite (CaAl-LDH-Cl) was investigated in this study. To understand the 34 
intercalation behavior, X-ray diffraction (XRD),mid-infrared spectroscopy (MIR), 35 
near-infrared spectroscopy (NIR) and scanning electron microscopy (SEM) were 36 
undertaken. Thenear-infrared spectra indicated a special spectral range from 6000 to 37 
5600cm-1andprominent bands of CaAl-LDH-Cl intercalated with SDS around 8388 38 
cm-1. This band was assigned to the second overtone of the first fundamental of C-H 39 
stretching vibrations of SDS, and it could be used to determinate the result of 40 
CaAl-LDH-Cl modified by SDS. Moreover, the results revealed that different 41 
adsorption behaviors were observed at different (high and low) concentrations of SDS. 42 
When the SDS concentration was around 0.2 mol·L-1, anion exchange intercalation 43 
occurred and the interlayer distance expanded to about 3.25 nm. When SDS 44 
concentration was 0.005 mol·L-1, the surface adsorption of DS- was the major anion 45 
exchange event. 46 
Keywords: Hydrocalumite, sodium dodecylsulfate (SDS), intercalation; near-infrared 47 
spectroscopy (NIR), mid-infrared spectroscopy (MIR) 48 
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1. Introduction 62 
Layered double hydroxides (LDHs), also named as hydrotalcites or 63 
hydrotalcite-like compounds, are a sort of clay minerals with positively charged metal 64 
hydroxide sheets compensated by anions in the interlayer. These compounds have a 65 
general formula of [M2+ 1-xM3+ x (OH)2]Ax/n·yH2O,where M2+ represents any divalent metal 66 
cation, M3+ any trivalent metal cation and An- an anion (inorganic or organic)[1-4]. 67 
Because of the special structure, LDHs possess some of the specific properties, such 68 
as ion-exchangeability, reconstruction (called as “structure memory effect”) and so on. 69 
Due to their potential industrial applications such as adsorbents, catalysts, ion 70 
exchanges, and pharmaceutics, LDHs have attracted increasing attention in recent 71 
years [5-8]. When M2+ and M3+ is Ca2+ and Al3+ respectively, the related kind of 72 
LDHs is called hydrocalumite [9, 10]. It is also expressed as AFm in concrete, which 73 
can be easily synthesized and is normally found in cement pastes and discarded 74 
concrete when corroded by seawater [11, 12]. In other words, Hydrocalumite are 75 
Ca-based LDHs, whose structures consist of [Ca2Al(OH)6]+ main layers with H2O 76 
molecules and X- anions in the interlayer region, such as Cl-, SO42-,CO32- [12, 13]. 77 
Evidently, one of the remarkable properties of LDHs is known as anion exchange. 78 
The host anions such as Cl-in the interlayer can be exchanged by the guest anions due 79 
to its weak affinity to the positive layer [14, 15]. Recently, various kinds of anions 80 
including SO42-, CO32-, PO43- and organic anions have been investigated, which they 81 
were intercalated into the interlayer of LDHs via anion exchange mainly [16-19]. It is 82 
also interesting that the Ca-based LDHs have another approach to react with anions, 83 
which is through dissolution-precipitation [12, 20]. This has been proven by our 84 
former investigation on the reaction with different concentrations of SDS and 85 
CaAl-LDH-Cl via X-ray diffraction (XRD), Fourier transform infrared (FT-IR), 86 
scanning electron microscopy (SEM), transmission electron microscope (TEM), 87 
X-ray photoelectron spectroscopy(XPS), inductively coupled plasma-atomic emission 88 
spectrometer (ICP) and so on. 89 
The spectrometry that combines the near-infrared (NIR) and the mid-infrared (MIR) 90 
has developed dramatically in recent years. Due to its simplicity, it has been 91 
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significantly contributed to many researches towards the change of structure of LDHs 92 
after intercalation [21-23]. However, there are limit reports on the analysis of the 93 
anion reaction mechanism. 94 
Therefore, based on our former research results, we chose two different 95 
concentrations (the highest and the lowest) of SDS to react with CaAl-LDH-Cl. We 96 
aimed to investigate the mechanisms of the reaction of SDS and CaAl-LDH-Cl by 97 
using NIR-MIR combined technique, as well as XRD. In addition, it has been proven 98 
that the combination of NIR and MIR is an effective method to illustrate the 99 
intercalation of organic material into LDHs. 100 
2. Materials and methods 101 
2.1．Starting Materials 102 
Aluminum hydroxide (Al(OH)3, Analytical reagent), calcium oxide (CaO, 103 
Analytical reagent), calcium chloride (CaCl2·6H2O, Guaranteed reagent), and 104 
NaC12H25SO4 (sodium dodecylsulfate, MW: 288, abbreviated as SDS) were purchased 105 
from Shanghai Kechuang Co. Ltd. 106 
2.2．Preparation of precursor material 107 
The CaAl-LDH-Cl was prepared by the hydration of tricalcium aluminate (C3A) 108 
with CaCl2·6H2O solution. Firstly, C3A was synthesized by heating CaO and 109 
Al(OH)3in a molar ratio of 3:2 at 300-1350oC. Then C3A was slowly added into a 110 
solution containing CaCl2·6H2O and the suspension was continuously shaken for 18 h 111 
under N2 gas atmosphere at55 oC. The precipitate was collected by filtration after 24 h 112 
at the same temperature and then washed with ultrapure waterand dried at 70oC in the 113 
oven, grounded and stored in a glass container for further use [13]. 114 
2.3．Preparation of CaAl-LDH-SDS 115 
0.1 g of CaAl-LDH-Cl was added to 20 mL of SDS aqueous solutions with 116 
different concentrations of 0.005 and 0.2 mol·L-1. The mixture was stirred at 25 oC for 117 
24 h, after that, the precipitate was collected and dried at 70 oC overnight and then 118 
grounded and passed through a 100-mesh sieve. The samples were named as 119 
CaAl-SDS005 and CaAl-SDS2, respectively. In addition, instead of CaAl-LDH-Cl, 120 
CaCl2 was used to react with SDS to prepare the precipitate followed by the same 121 
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post-treatment, and the sample was named as Ca-SDS. 122 
2.3. X-ray diffraction 123 
Powder X-ray diffraction (XRD) patterns were collected using a D/max RBX 124 
diffractometer with Cu Kα (40 kV, 100 mA) radiation, and the Cu Kα radiation was 125 
1.54060Å. All samples were carefully scanned in 2θ = 2° to 65°at a scanning rate of 126 
6° per minute using slits 1/6 (divergence), 1/6 (anti-scattering) and 0.15 (receiving). 127 
All samples were prepared for X-ray diffraction as a random pressed powder. 128 
2.4. Mid-infrared spectroscopy 129 
Mid-infrared spectra were recorded by the Thermo Nicolet AVATAR 370 Fourier 130 
transform infrared spectroscopy (FT-IR) spectrometer with a smart endurance single 131 
bounce diamond ATR cell. Spectra over 4000-400cm-1 range were obtained by the 132 
co-addition of 64 scan with a resolution of 4 cm-1and a mirror velocity of 0.6329 cm/s.  133 
2.5. Near-infrared spectroscopy 134 
NIR spectra were collected on a Nicolet Nexus FT-IR spectrometer with a Nicolet 135 
NIR Fib report accessory. A white light source was used, with a quartz beam splitter 136 
and TEC NIR InGaAs detector. Spectra were obtained from 12000 to 4000 cm-1 137 
(909-2500 nm) by the co-addition of 64 scans at a resolution of 8 cm-1. A mirror 138 
velocity of 1.2659 m/s was used.  139 
2.6. SEM 140 
Samples were coated with a thin layer of evaporated gold, andsecondary electron 141 
images were obtained using a scanning electron microscope, and the electric tension 142 
was 30 kV, the working distance was 7 mm. (FEI Quanta 200 SEM, FEI Company, 143 
Hillsboro, OR). 144 
3. Results and discussion 145 
3.1. X-ray diffraction 146 
The powder X-ray diffraction patterns (XRD) wasa well-used technique 147 
indetermination of the intercalation results for layered materials. The d-value of 148 
layered materials reflected the interlayer spacing, and it could be calculated directly 149 
from the diffraction angles based on the Bragg’s Law [16, 23]. The patterns of 150 
synthesized CaAl-LDH and CaAl-LDH with 0.005M and 0.2 M 151 
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Na-dodecylsulfonate (SDS) samples were displayed in Fig.1(a) (scanned from 2θ 152 
5-65o region) and Fig.1(b) (scanned from 2θ  2-15 o region). As shown in Figures, 153 
XRD patterns of the as-synthesized samples were identical to the published articles 154 
presented [20, 22]. The CaAl-LDH sample had a typical, well-ordered layer structure 155 
with a basal spacing (d002) of 0.78 nm. With the increase of the surfactant 156 
concentration, there was an interesting phenomenon observed. The sample obtained 157 
under low SDS concentration (CaAl-SDS005) was still kept as sharp reflections with 158 
high intensity as (002), (004), (006), (110). These were suggested that the sulfate 159 
units of SDS had no capacity to enter the interlayer space of CaAl-LDH, with only 160 
adsorption process taking place at the outside surface and / or the plate edges, similar 161 
to those found in clay minerals modification [24]. When the concentration of SDS 162 
increased to 0.2 M, one series of reflections at low angles were notably recorded in 163 
patterns of CaAl-SDS2 sample, with d-value of 3.25 nm (marked with ‘‘#’’). 164 
Additionally, there was another different reflection with lower intensity appeared in 165 
3.20ο position (2θ), with d-value of 2.72 nm (marked with ‘‘*’’). There were two 166 
types of frameworks contained in the case of high SDS concentration, and the 167 
diffraction peak of 3.25 nm was sharper than that of 2.72 nm, indicating that the 168 
former had a better arrangement of the surfactant molecules with the structure of 169 
CaAl-LDH. Moreover, it could be presumed that two reaction mechanisms occurred. 170 
3.2. Mid-infrared spectroscopy 171 
3.2.1 The 4000-2400cm-1 spectral region 172 
The mid-infrared spectra of CaAl-LDH, CaAl-SDS005 and CaAl-SDS2 in 173 
4000-2400 cm-1 were shown in Fig.2 and the band details were summarized in Table.1. 174 
Characteristic bands for CaAl-LDH were at 3635, 3475 and 3340 cm-1[12, 20, 22]. 175 
They were ascribed to the stretching vibrations of lattice water and OH groups, 176 
respectively. As for CaAl-SDS005 and CaAl-SDS2, they both had similar bands at 177 
around 3632, 3470, 3334, 3600, 3461, 3320 cm-1, respectively, indicating that they 178 
had the same structure as CaAl-LDH. Compared with them, it was obvious that bands 179 
related to LDH loading SDS shifted to lower wave numbers, suggesting that the 180 
surface property of organo-LDH was changed from hydrophilic to hydrophobic [25]. 181 
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Furthermore, in the case of CaAl-LDH with SDS, typical bands of SDS observed at 182 
corresponding wave numbers, such as C-H stretch (νas(CH3)) at 2965 cm-1, νas(CH2) at 183 
2923 cm-1, 2925 cm-1and νs(CH2) at 2855 cm-1, 2854 cm-1, closely resemble those 184 
reported in the literature [26, 27]. In fact, more than two bands were at 3660, 3327, 185 
2965 cm-1 for CaAl-SDS2, which implied that there was a different phase from layer 186 
double hydroxide.  187 
3.2.1 The 1800-400cm-1 spectral region 188 
  The infrared spectra in the 1800 - 400 cm-1 region were presented in Fig.3. The 189 
analysis of the infrared data was reported in Table.1. In general, the bands in the range 190 
of 800 – 400 cm-1 were mainly ascribed to M-O lattice vibrations ((νM-OH, νM-O-Mor 191 
νO-M-O), which all were shown in the samples of CaAl-LDH, CaAl-SDS005 and 192 
CaAl-SDS2. Three peaks for CaAl-LDH were observed at around 1631, 1514 and 193 
1415 cm-1, contributing to the bending mode of the interlayer structured water. The 194 
former three kinds of bands were all presented in CaAl-SDS with SDS concentrations 195 
of 0.005M and 0.2M, respectively, such as 1640, 1470, 1415, 1650, 1435 and 1395 196 
cm-1. These bands were all shifted to lower wave numbers compared with those of 197 
CaAl-LDH. They became relatively narrower and stronger, indicating the higher 198 
interlayer order of water molecules in organo-LDH. In addition, there were bands of 199 
CaAl-SDS005at 1235, 1098, 1068 and 990 cm-1. As for CaAl-SDS2, it was also 200 
displayed these bands (1252, 1220, 1105, 1072 cm-1) in the similar positions due to 201 
–OSO3- stretching vibration. Additionally, it was interesting to note that at the position 202 
of 1235 cm-1, the peak for CaAl-SDS005 was split into two peaks with higher intensity 203 
at 1252 and 1220 cm-1. This again proved that the combined environments of SDS 204 
were changed, and the new material phase was formed without CaAl-LDH structure at 205 
high content SDS.  206 
3.3. Near-infrared spectroscopy 207 
The near-infrared (NIR) spectroscopic technique is used to measure the overtones 208 
and the combination of the fundamental vibration of O-H, N-H and C-H bands in the 209 
mid-infrared area [21, 28]. The NIR spectra could be easily divided into sections 210 
based on the attribution of bands in this spectral region. By using SDS , which 211 
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contained only O-H and C-H bands, the resulted spectra of CaAl-SDS005 and 212 
CaAl-SDS2could be divided into two parts: (a) the spectral region between 9000–6000 213 
cm-1 corresponding to the first fundamental overtone of the mid-infrared O-H 214 
stretching vibration; and (b) the spectral region between 6000-4000 cm-1 attributed to 215 
the water O-H overtones. These spectral regions were presented in Fig.4 and 5, Table 216 
2, respectively. 217 
3.4 SEM 218 
The SEM image of samples of CaAl-LDH, CaAl-SDS005 and CaAl-SDS2 were 219 
shown in Fig. 6. In this case, the morphology of CaAl-LDH was retained similarly as 220 
other LDHs with sharp particle edges, similar particle sizes, few hundred nanometers 221 
thick plate, and a lateral distance at around 2-3 µm. In contrast, CaAl-SDS005 and 222 
CaAl-SDS2 had uneven structures with cracked platelet edges. However, in the 223 
samples of CaAl-SDS005, the molecules had ordered plate-like structures, indicating 224 
that structures of LDH were still retained after the reaction between CaAl-Cl-LDH 225 
and SDS. As for CaAl-SDS2, the particles aggregated and maintained layered 226 
structures, but their edges were not as sharp as those of CaAl-LDH-Cl, with the size 227 
decreasing to approximately10 nanometres. 228 
3.5 Intercalation mechanism of SDS 229 
In general, the chloride LDH, such as MgAl-Cl-LDH and ZnAl-Cl-LDH, reacted 230 
with SDS through an interlayer ion-exchange process spontaneously [3, 29]. This 231 
reaction occurred as the SDS had a higher affinity than chloride for LDHs: 232 
Zn2Al-Cl-LDH + DS-→Zn2Al-DS-LDH + Cl-             (1) 233 
However, as mentioned above, there were some interesting phenomena in XRD 234 
results of CaAl-SDS2 shown in Fig.1(b) ( the 2θ position = 3.20o) and in the IR results 235 
of CaAl-SDS2 at 1252 and 1220 cm-1, which were different from the theoretical 236 
results for the ion exchange mechanisms of LDHs [29,30]. Thus the occurrence of 237 
another reaction under the system of higher SDS concentration is highly possible.. 238 
The NIR and MIR spectra of Ca-SDS were investigated at the same time in order to 239 
comprehend the intercalated mechanism for CaAl-LDH-Cl and SDS. The details are 240 
illustrated in Fig. 7 and Fig. 8. Compared with the infrared radiation spectra of 241 
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CaAl-SDS005 and CaAl-SDS2, it was found that the relative peaks existed in the NIR. 242 
MIR spectra of CaCl2-SDS were also found to be similar to that of CaAl-SDS2. 243 
Examples include the peaks presented at the wave numbers of 8390, 8237, 5672 and 244 
1216 cm-1, which were caused by C-H overtone stretching vibrations, 2νs(CH2) 245 
stretching vibrations, and S=O symmetric stretch respectively. Yet these peaks were 246 
not present in that of CaAl-SDS005. These suggested that Ca-SDS formed only under 247 
high concentration of SDS, which did not contain Al element. The reaction between 248 
CaAl-LDH with SDS in high concentration could be made possible by combining the 249 
dissolved Ca with SDS directly in the solution. This would form a new phase with the 250 
same layer structure but different ion-exchange between CaAl-LDH and SDS.  251 
A general scheme of the reaction between CaAl-LDH and SDS in different 252 
concentrations was present in Fig. 9. When the concentration of SDS was 253 
approximately 0.005 mol·L-1, the dominant reaction occurring was the ion-exchange 254 
reaction. On the other hand, when SDS content was as high as 0.2 mol·L-1, the 255 
reaction mechanism involved self-dissolution of CaAl-LDH followed by instant 256 
re-precipitation, which was the main mechanism, and ion-exchanged in the adsorption 257 
process. We could thus suggest that the reaction between Ca-based LDH and SDS was 258 
strongly depended on the concentration of SDS.  259 
4. Conclusions 260 
In this study, the intercalation of sodium dodecylsulfate (SDS) into 261 
CaAl-LDH-Cl was investigated by XRD, SEM analysis combining with MIR and 262 
NIR spectroscopic methods. The XRD patterns revealed that SDS could be 263 
intercalated into the interlayer spacing of CaAl-LDH-Cl, with the d-value increased to 264 
3.25 nm. Additionally, the combination of MIR and NIR spectra offered a new and 265 
innovative proof of the intercalation. The spectra from 1000 to 1300 cm-1 and 5600 to 266 
6000 cm-1 were regions in which SDS intercalated into CaAl-LDH-Cl could be easily 267 
determined. Furthermore, they also revealed that SDS tended to form CaAl-SDS 268 
material when SDS content was 0.005mol·L-1.While as the SDS concentration 269 
increased to 0.2mol·L-1, the main reaction exhibited was self-dissolution of 270 
CaAl-LDH followed by instant re-precipitation. 271 
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Table.1 Summary of MIR wavenumbers (cm-1) and their assignment for CaAl-LDH, 272 
CaAl-SDS005 and CaAl-SDS2 273 
 274 
Wavenumbers  
CaAl-LDH CaAl-SDS005 CaAl-SDS2 Assignment 
3635, 3475, 
3440 
3632, 3470, 3334 
 
3660, 3600, 
3461, 3327 
The stretching 
vibration of water 
and OH groups 
 
 2965 
C-H stretch 
( νas(CH3) ) 
2925 2924 
C-H stretch 
( νas(CH2) ) 
2854 2855 
C-H stretch 
( νs(CH2) ) 
1631, 1514 1640 
1650, 1508 
 
water bending modes 
  1435 
carbonate 
antisymmetric stretch 
1415 1470, 1415  C-C aromatic stretch 
 1235, 1098, 1068 
1252, 1220, 
1105, 1072 
S=O symmetric 
stretch and 
anti-symmetric 
stretch 
  825 
C-H aromatic 
out-of-plane bending 
vibration 
796, 577, 534 796, 590, 534 790, 560, 534 
M-O lattice vibrations 
(νM-OH, νM-O-Mor 
νO-M-O) 
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Table.2 Summary of NIR wavenumbers (cm-1) and their assignment for CaAl-LDH, 275 
CaAl-SDS005 and CaAl-SDS2 276 
 277 
Wavenumbers  
CaAl-LDH CaAl-SDS005 CaAl-SDS2 Assignment 
  
 
8392, 8325 
C-H overtone 
stretching vibrations 
7258，7201, 
7135，7082，
6940 
7203, 7135 7205, 7175, 7082 
the first fundamental 
overtone of the OH 
stretching vibrations 
 5835, 5785 
5862, 5812, 5782, 
5678 
the overtones of C-H 
stretching vibrational 
modes （2νas(CH3), 
2νas(CH2) and 
2νs(CH2)） 
 5125 5222, 5114 Water OH overtones 
4474, 4420, 
4235, 4117 
4485, 4416, 4331 
4412, 4335, 4258 
 
the symmetric 
stretching modes of 
the (CO3)2- anion and 
CH groups 
 278 
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